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I. INTRODUCTION
D
UE TO their fast carrier dynamics, semiconductor optical amplifiers (SOAs) have been generally considered less suited for linear amplification compared to erbium-doped fiber amplifiers (EDFAs). On the other hand, the phenomenon makes them very interesting for nonlinear applications [1] .
Careful adjustment of operation conditions, however, renders SOAs into capable devices for inline amplification of both single-and multichannel systems. Recently, the SOA has generated more and more interest as a functional device in the area of long-haul optical transmission demonstrated by the results reported in [2] - [4] . We performed various simulations of single-channel and wavelength division multiplexing (WDM) systems to assess the system performance to be expected of such transmission systems when employing SOAs. As our study focused on amplifier performance, neither dispersion nor other fiber nonlinearities were included for simplicity.
Although we concentrated on application of 1310-nm SOAs, our simulation results basically are also applicable to transmission systems that are operated outside the 1310-nm window. This is important in view of Lucent Technologies' AllWave fiber. The elimination of the waterpeak around 1400 nm openedup the entire wavelength region from 1300 to 1600 nm. As opposed to EDFAs, SOAs potentially cover this entire window easily.
Before giving a detailed description of the link simulations and corresponding results, we first will examine the applied SOA model. We address the rate equations on which the As opposed to the models found in [5] - [8] , 1 where physical material parameters and the drive current are used as inputs, we restrict ourselves to describe the SOA behavior in a phenomenological manner. Our objective is to find operational settings of the amplifiers in terms of gain, saturation behavior, and noise figure for specific applications that can easily be retrieved by measurements.
The functionality of our model becomes clear when looking at which quantities are taken into account and what matters are left out. Included in our SOA model are 1) a time-resolved description of the amplification process; 2) the wavelength dependence of the amplifier gain; 3) the wavelength dependence of the amplifier saturation behavior; 4) the amplifier polarization dependence. To determine the influence of an SOA on the performance of (digital) transmission systems, we need to understand its transient behavior. This requires a time-resolved amplifier model. When observing WDM systems, we should include the wavelength dependence of the essential amplifier parameters. We assume the unsaturated fiber-to-fiber gain as a function of the wavelength to be Gaussian [10, ch. 5] . Thus, expressing the amplifier gain in decibels, we may write (1) where is the peak gain at corresponding wavelength . The factor 12 is determined by the definition of , representing the full-width at half-maximum (FWHM) gain bandwidth. The 3-dB saturation output power as a function of is described by the linear relationship [11] , [10] (2) where equals the 3-dB saturation output power at peak gain wavelength and is the linear coefficient. Inclusion of the SOA polarization dependence does not complicate the model and offers the possibility of simulating systems containing polarization-dependent amplifiers. This option, however, was not used in the simulations presented here. The commercial availability of SOAs showing residual polarization sensitivities below 0.5 dB justifies the ignorance of this parameter.
Not included in our model are 1) the dependence of the carrier lifetime on the carrier density; 2) a time-space resolved description of the amplification process; 3) the polarization dependence of the input and output coupling efficiencies and , the internal cavity loss , and the linewidth enhancement factor ; 4) the wavelength dependence of the spontaneous emission factor , the input and output coupling efficiencies, the internal cavity loss, and the linewidth enhancement factor; 5) the residual facet reflectivities. The carrier lifetime depends on the carrier density as follows:
However, including (3) complicates our model considerably, and knowledge about the amplifier materials is required to obtain the values for , , and . Because a small change in carrier density already corresponds to a considerable change in gain, we assume to be constant.
Below, it is shown that we can eliminate the details of the spatial dependence of the gain, as we are only interested in the amplifier output signal (at ) as a function of the optical input signal (at ). The input and output coupling efficiencies, the internal cavity loss, and the linewidth enhancement factor are extracted from measurements and show no substantial polarization and wavelength dependence. The wavelength independence of the spontaneous emission factor is left out for simplicity, but not for fundamental reasons. However, we expect this to introduce only a small error.
Present-day generations of traveling-wave SOAs exhibit residual facet reflectivities well below 1 10 . Gain ripple values are therefore reduced to 0.3 dB or less. Thus, leaving the residual facet reflectivities out is also permissible.
Our model uses as a starting point the following gain rate equation [10] : (4) Here, and are the actual and small-signal gains of the amplifier, respectively, and is the saturation energy, i.e., saturation power carrier lifetime, at the observed polarization and optical frequency . The parameter equals or designating transverse magnetic (TM) or transverse electric (TE) polarization mode, respectively. represents the power of the optical field. Equation (4) takes the carrier depletion by multiple wavelengths into account, because an electron-hole pair that is recombined by an arbitrary wavelength is lost for all other wavelengths as well. The total number of photons determines the amount of gain depletion over the entire frequency spectrum.
The evolution of the envelope of the optical field is governed by [12] (5) where denotes the group velocity, is the linewidth enhancement factor, and represents the internal cavity loss. For simplicity, the optical confinement factor of the field is left out, as it will indirectly be included via the measured small-signal gain. Because we are only interested in the envelope of the electrical field traveling with the light pulse, we introduce the following substitution:
Transformation of a variable to leads to the following expressions for the time and spatial derivatives of variable :
Applying (6) to (8) and defining Const (9) we arrive at
and ( When the input signal at is given, we can derive the output signal at by integrating (10) and (11) over to . This results in
where (15) We need to find a differential equation for . Therefore, we integrate (12) from to (16) The powers and , respectively, represent the TM and TE contributions of all amplified external signals and the amplified spontaneous emission (ASE) at position . Using to indicate the state of polarization, these powers can be written as (17) Here, stands for the resolution bandwidth that is used for the discretization of the ASE spectrum. The first term of (17) represents the (amplified) contributions of the optical input signals, and the rightmost term takes the ASE emission into account.
Substituting (17) into (16) and solving the integral of the rightmost term in (16), we obtain the desired differential equation for .
III. VALIDATION OF THE SOA MODEL
Before applying our SOA model in simulations of transmission systems, we first verified the amplifier dc behavior. The model should at least reproduce the SOA properties at the conditions used as model inputs, i.e., the unsaturated gain condition and the 3-dB saturation state. We verified the dc behavior by measuring the gain-versus-output signal power curves and comparing them to the corresponding simulation results for different SOA operating conditions and signal wavelengths. Fig. 1 shows the simulation results of a quantum-well laser amplifier (QWLA) for an input signal wavelength equal to 1310 nm. The solid curves were generated with our model, and the symbols represent the experimental data. Fig. 1 is illustrative for all comparisons made between our simulation results and the experimental data of other SOAs.
From Fig. 1 and the other results, we conclude that our model describes the static behavior of SOAs very well as long as saturation is limited to about 9 dB. At a gain saturation level of 13 dB, the maximum observed difference in corresponding output signal powers between the simulations and the measurements equals 1 dB. Practical saturation levels remain within 3 dB; otherwise, transmission capacity would be reduced considerably. So, in a vast majority of cases, our model is applicable.
An even more convincing example of the model's capabilities is demonstrated in [13] , where we compared the experimental results of an optically preamplified standard PIN receiver (enhanced front-end receiver) to the corresponding simulation results. In Fig. 2 , the resulting bit error rate (BER) curves from both experiments and simulations are depicted for an SOA drive current of 200 mA. For other drive currents, comparable results were obtained. To arrive at the BER values in our simulations, we applied the noise equations given by [14] .
The simulation results show good agreement with the experimental data. Fig. 2 indicates that the best match with the experiments is achieved by simulations based on a realistic laser signal, i.e., inclusion of relaxation oscillations. The maximum difference between the experimental data and the simulation results amounts to 0.15 (laser signal) and 0.5 dB (simplified signal). Both values are acceptable for a single amplifier stage. However, when simulating amplifier cascades, we should choose the appropriate optical signal in order to restrict the cumulative error.
IV. DESCRIPTION OF THE SIMULATION RUNS
As a representative simulation model for long-haul transmission links, we used the one depicted in Fig. 3 . The transmitter was modeled as independent nonreturn-to-zero (NRZ) signal generators that were multiplexed before launching into the link. We adopted a 2 1 pseudorandom bit sequence modulation format to limit the simulation time and memory requirements. At the transmitter output, the bit periods of each WDM channel were synchronized. As such, the randomness of the bit position is not taken into account to avoid an excessive increase in required simulation runs. This might have some influence at situations with a low channel count at low bit rates. However, it averages out as the channel number and the bit rate increase. The average optical power per signal was kept at 2 dBm for all simulation runs. The optical channel spacing was set to 100 GHz (0.57 nm in the 1310-nm window) complying with ITU standards. The center wavelength of the signal spectrum equaled 1310 nm.
The link represented a cascade of 1 fiber sections of km length connected to each other with identical inline amplifiers. These amplifiers all exhibited a peak gain wavelength of 1310 nm, an optical bandwidth of 60 nm, and a linewidth enhancement factor of five. In our simulations, we used optical isolators at the amplifier inputs and outputs. So, backward-traveling ASE was not an issue.
The link was terminated with a preamplified optical front end. This front end was modeled as a standard PIN photo- diode receiver with the decision threshold optimized for the incoming signal. In front of the receiver we applied a 0.2-nm optical bandpass filter. The electrical bandwidth was set to 0.75 times the bit rate.
Before discussing the simulations, we observe the parameter space. Because we had to deal with a considerable number of parameters, we carefully considered what type of information is valuable to system designers. Basically, the starting point for a system designer is the given span length between the amplifiers or repeaters. Reduction of regenerators in optical transmission networks is essential to limit the system costs and enhance flexibility. So, for a given section length, it is preferred to determine the maximum attainable link length and the corresponding amplifier requirements when transmitting a certain number of wavelength channels at a particular bit rate. On the other hand, when the distance between the regenerators is fixed, one wants to find out what transmission capacity can be reached depending on the choice of the inline amplifiers.
The cascadability of SOAs has already been studied in the past: results can be found in [14] - [16] . Here, we intend to increase the understanding of SOA cascades in optical high-speed transmission systems by looking at a broader parameter space than observed before.
To get a feeling for the issues presented above, we performed the simulations while observing the parameter settings for the inline amplifiers, as depicted in Table I. This table also indicates the range considered for each parameter. Here, we define the excess gain per section as the unsaturated gain in decibels of each inline amplifier minus the equivalent section loss in decibels (0.4 dB/km ). So, in the absence of saturation, a positive excess gain results in an increasing signal power along the link, and vice versa for a negative excess gain. For the preamplifier, we maintained a gain of 30 dB, a noise figure of 8 dB, and a saturation output power of 12 dBm in all simulation runs.
In our simulations, we treated the SOA gain and the SOA saturation power as independent variables. This approach is justified because, in practice, these parameters can be changed virtually independently by temperature tuning in addition to bias current adjustment [15] , [17] . attainable distances as a function of both the number of channels and the excess gain per section for different parameter sets. In all cases, we took a minimum required BER of 1 10 for the worst performing channel as the criterion for the maximum attainable distance. Therefore, each 3-D surface may be considered as an isober at 1 10 . The volumes below the surfaces correspond to a higher performance.
Figs. 4 and 5 show the general trend of reduced BER performance with increasing distance and/or less gain per amplifier section. In both cases, a reduced signal-to-noise ratio (SNR) hampers system performance. This fully agrees with our expectations. In the figures, we also observe two other trends that require some reflection.
1) With increasing gain per amplifier section, the system performance first increases, reaches a maximum, and keeps decreasing thereafter. 2) Along the Number of channels axis, the system performance does not show a continuously descending level under all circumstances. The first observation is not that surprising when considering the inevitable effect of gain saturation. In absence of saturation, improved system performance would undoubtedly be obtained for every raise in gain level. For single-channel transmission, the occurrence of pattern effects at high gain levels limits the system performance [18] . In WDM transmission systems, cross-gain modulation additionally contributes to the performance degradation.
To study the second observation, we use a more convenient visualization of the simulation results, i.e., two-dimensional contour plots of the corresponding 3-D surface plots (see Figs. 6-9 ). The angularity of the contours is due to the limited number of probed excess gains and channel counts. For the 2.5-Gb/s simulations, a maximum excess gain of 2.5 dB was used; at an excess gain of 5 dB, we encountered memory allocation problems.
When saturation effects are predominant over noise, we observe that the optimum performance is found at larger excess gains for an increasing number of channels. Figs. 6(a) and (b), 7(a) and (b), 8(a) and (b), and 9(a) and (b) clearly show this trend. Based on our observation, we conclude that somehow the saturation effects, e.g., the cross-gain modulation (XGM), are reduced when the number of channels increases. By taking a closer look at the statistical behavior of the transmitted signals, we find an explanation for that.
When a sufficiently large number of data signals is transmitted over the link, an averaging effect on the instantaneous total power occurs. This averaging effect leads to a reduction of the XGM and consequently counteracts the amount of crosstalk. Fig. 10 clearly illustrates the positive effect that results from a large number of channels. In [4] , the same effect is demonstrated in a system experiment. Fig. 10 also shows some signal deterioration when going from single-to two-channel transmission. In a two-channel WDM system, the averaging effect is yet too small to compensate for the introduced crosstalk. This also explains why the maximum attainable link length reaches a minimum at two or four channels. It remains to be explained why, with a further increasing number of channels, the maximum attainable link length shows a local maximum at eight or 16 channels. Two reasons can be identified to explain this. 1) Because we kept the average signal power per channel constant in our simulations, a larger averaged amount of saturation was experienced with increasing number of channels. Each channel was launched into the link having a power level of 2 dBm. So, with eight channels, this adds up to 11 dBm. Knowing that equals 12 dBm, an unsaturated excess gain of 2.5 dB will result in an experienced excess gain of about zero at such power levels. 2) Although the unsaturated amplifier bandwidth equals 60 nm at FWHM, more than enough to contain 32 channels (3.1 THz 18 nm), the effective link bandwidth is reduced by bandwidth narrowing [15] down to 27 nm after five amplifier stages, and 19 nm after ten SOAs. The optical bandwidth is even further reduced by wavelength-dependent saturation: gain saturation at the shorter wavelengths is more severe than it is at the longer wavelengths. Since we maintain the criterion that no channel should perform less than a BER of 1 10 , the shortest wavelength channel determines the maximum attainable distance. Let us now look at the cases where the noise effects prevail over the saturation effects. When the section length is increased, we observe a shift of the optimum transmission distance from zero toward the larger excess gains for a small number of channels (1 or 2 1) The number of cascaded amplifiers. In the case of long sections, fewer amplifiers are cascaded and therefore larger positive excess gains per section can be allowed before reaching sizeable saturation.
2) The effect of ASE on the input power dynamic range. At equal excess gains, the gain of the amplifiers in a cascade with long sections is higher than in the case when the section lengths are short. The corresponding ASE levels are then higher as well. The input power dynamic range of the amplifiers further down the link increases due to the "clamping effect" of accumulated ASE from the previous stages. The effect described above shows bit-rate dependence. At 2.5 Gb/s, the effect already occurs for section lengths of 37.5 km, whereas at 20 Gb/s the effect is less prominent for section lengths of 50 km. This is explained by the fact that at a bit rate of 20 Gb/s, the signal suffers more from saturation than is the case at a bit rate of 2.5 Gb/s. Note that this is the case for the amplifier type with a carrier lifetime of 200 ps used in our simulations. So, for 2.5 Gb/s (nearly) full recovery of the amplifier gain could occur within one bit time. For 10 and 20 Gb/s, gain recovery required several bit times, and consequently pattern effects occurred. Fig. 11 shows the bit-rate dependence of signal distortion induced by saturation.
To establish the influence of the saturation output power, we compare Figs. 6 and 7. As expected, the maximum attainable link length is affected the most when saturation is the dominant source of signal deterioration. This is the case for large excess gains, a small number of channels, and relatively small section lengths. Transmission distance improvements of up to 36% can be obtained by increasing the saturation output power by 3 dB.
VI. RELATIONS TO OTHER WORK
Comparing our results to other data found in literature, we arrive at the following findings. Our results agree with those of Fig. 4 ]. The numbers given in [14] and [15] for the maximum amplifier cascades are not confirmed by our results. Their estimates are too optimistic because they do not take the dynamic saturation effects into account.
The comparison of the experimental results demonstrated in [4] and [19] to the outcome of our simulations is even more interesting. Let us look at Fig. 8(b) for comparison to the transmission experiment in [4] . In this experiment, gain clamping was implemented by the use of a reservoir channel. So, the inline SOAs exhibited an excess gain of about 2 dB (the span loss equaled 15 dB per section). For this excess gain and 32 channels, we find that the maximum attainable number of inline amplifiers is six. In [4] , they reached a number of three inline SOAs. This can be explained by two differences between our simulations and the experiment. First, the amplifiers in the experiment had a noise figure of 10 dB. The additional 2 dB reduces the theoretical limit already to four amplifiers. In addition, the average power per channel was 7.1 dB lower in the experiment than in the simulations. Thus, the operational noise figure could easily be 1 dB higher [10, Sec. 4.1.2] .
The amplifiers used in [19] had a minimal signal gain of 12 dB, a noise figure of 10 dB, and a saturation output power of 12 dBm. The reported span loss equaled 13 dB. When assigning 2 dB of the SOA input coupling efficiency to the span loss, the transmission link is converted to one with 15-dB spans and inline amplifiers with noise figures of 8 dB and signal gains of at least 14 dB. After doing so, we can use Fig. 9(b) for validation of the experimental result. Based on our simulation results, we find that for a transmission link as described in [19] , the maximum number of inline SOAs equals four at 1 10 BER. This fully agrees with the transmission experiment.
VII. CONCLUSION
An SOA model was developed that shows accurate results for both single-channel and WDM transmission when moderate or low saturation levels are observed. We used this model to determine the system limits of various transmission links. We found that tradeoffs among the level of saturation, the SNR, and the amount of gain have to be made for any kind of transmission links that employ SOAs. Without any exception, single-channel transmission can bridge the largest attainable distances with respect to multichannel transmission under the same circumstances. Our simulations also demonstrate that the worst WDM system incorporating SOAs is a two-channel one. The experimental results demonstrated in [4] and [19] confirm the outcome of our simulations.
